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Abstract 
This work is a contribution to the non destructive testing of structural adhesive bonding by ultrasonic methods. The aim of this 
paper is to link acoustic behaviors of epoxy bulk samples to their level of cure, quantified by a partial or a total epoxy 
conversion. The bulk longitudinal and shear waves velocities are measured for each sample. They are used to determine the 
theoretical dispersion curves of Lamb waves. Theoretical results predict a high sensitivity of some high order Lamb modes to 
the cure level by the variation of their wavenumber, for a given mode and for the same frequency range. In parallel, an 
experimental study is conducted to determine the experimental dispersion curves. The experimental results and the predicted 
ones are in a good agreement. 
© 2015 The Authors. Published by Elsevier B.V. 
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Keywords:Adhesive; Cure level; Acoustic characterization; Lamb waves 
1. Introduction 
Among the various structural adhesives, epoxy is one of the most used (Wright and Muggee, 1986). Different 
works (see for example Lindrose (1978), Sofer and Hauser (1952) and Vogt et al. (2004)) have shown that, during 
the vitrification process and before the gel point, the mechanical and acoustical properties of the epoxy are 
strongly linked to its conversion. In this paper, the cure level of the epoxy adhesive is on the focus. Epoxy bulk 
plane samples are manufactured with different curing cycles that lead to epoxy networks either partially or totally 
cross-linked. The aim is so to link acoustic behaviors of these samples to their level of cure, quantified by the 
epoxy conversion. Guided Lamb waves (Lamb, 1917) are used and the sensitivity of some high order modes is 
studied as function of the mechanical properties of the samples. After a short description of the samples, we detail 
the acoustic characterization through the longitudinal and shear velocities determination, the calculation of the 
dispersion curves and finally the presentation of the experimental results. 
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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2. Materials 
The adhesive formulation is based on a two-component epoxy system. Diglycidyl ether of bisphenol A 
(DGEBA, DER 331, Dow Chemicals) is cross-linked with an aliphatic diamine (Jeffamine, D230, Aldrich). The 
epoxy and the amine are mixed with a stoichiometric ratio a/e equal to 1 at room temperature. The mixture is 
degassed to avoid air bubble formation in the epoxy bulk samples. Three types of samples differing by their curing 
cycles are realized, for which the conversion is determined by Differential Scanning Calorimetry (DSC) (Pascault 
and Williams, 2009) :  
x Curing at room temperature for 4 days : the epoxy networks are partially cross-linked. The glass transition 
temperature Tg is equal to 48°C, it corresponds to an epoxy conversion of 80%.  
x Curing at room temperature for 24h followed by a post cure for 2h at 80°C and 2h at 160°C : the epoxy 
networks are also  partially cross-linked, with a Tg equal to 83°C and a conversion of 93%.  
x Curing at room temperature for 24h followed by a post cure for 1h at 80°C and 3h at 160°C : the epoxy 
networks are totally cross-linked with  Tg equal to 92°C and a conversion of 100%.  
3. Acoustic characterization 
3.1. Velocities determination in the epoxy 
An experimental study to measure the longitudinal and shear celerities in the epoxy network is performed. A 
contact transducer (of 5 MHz central frequency for longitudinal and 2.25 MHz for shear waves) at normal 
incidence is placed on the epoxy bulk sample. The transducer is excited by an impulse and the multi-reflected 
echoes in the sample thickness are collected. Then a FFT is performed on the recorded signal. The velocities are 
obtained from the frequency peaks given by the spectrum and the measured thickness h (Figure 1) using the 
relation (1). 
 , 2L Sc h fG    (1) 
 
For a better accuracy on the measured velocities, plane samples with different thickness of 2, 3, 4 and 5 mm are 
used. Table 1 summarizes the averaged values obtained and their standard deviation. It shows that even if the 
velocities are increasing with the conversion, there variations are not significant enough to discriminate clearly the 
samples. The measured velocities are used as input data to calculate the dispersion curves of Lamb waves for the 
samples of having epoxy conversion equal to 80% and 93%. 
Fig. 1. Example of the frequency spectrum obtained. 
     Table 1. Measured velocities in the epoxy and the standard deviation 
Conversion cL Standard deviation cS Standard deviation 
80% 2441 25.75 1116 50.34 
93% 2506 37.73 1119 33.45 
100% 2561 15.95 1151 19.79 
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3.2. Dispersion curves 
Using the measured velocities, dispersion curves of Lamb waves are obtained for the two partially cross-
linking networks at epoxy conversion of 80% and 93%. These curves are plotted on Figure 2 with two 
dimensionless parameters : "angular frequency*thickness/shear velocity : / Th cZ " and 
"wavenumber*thickness : xk h " and show distinctive behaviors of the modes. The lower modes A0, S0, A1, S1 
and A2 are not sensitive to the conversion, while the high order modes exhibit a sensitivity depending on the 
frequency. For example the S2, A3 and S5 modes are depending on the conversion at low frequency, while the S3, 
A4 and S4 are depending on high frequency. Moreover, the more the mode is high, the more is marked the 
difference, when the frequency increases.  
Fig. 2. Epoxy plane plate dispersion curves of 80% (blue) and 93% (black). 
3.3. Experimental study : Propagation of Lamb waves 
An experimental study is conducted using a contact transducer of 1 MHz central frequency placed on a PMMA 
wedge of 45 degrees as an emitter and a laser vibrometer as a receiver. The time varying normal displacement of 
the propagating wave is collected for several positions at the surface of the sample, in the propagating direction, 
by 0.1 mm step. The experimental data are recorded for signal processing. A double FFT is performed on the 
space-time data to determine the experimental dispersion curves for the different samples. Curves in Figure 3 are 
the result for  the epoxy plate of 2 mm thickness for the two conversions of 80% (Fig. 3.a) and 93% (Fig.3.b) in 
the dual space frequency-wavenumber. The theoretical dispersion curves are superimposed for comparison. Figure 
4 corresponds to the samples of 5 mm thickness.  One can note the good agreement between the theoretical and 
experimental results. To confirm the discrimination of the two conversions, the frequency-wavenumber couples 
are collected on the experimental data for the S2 mode, which is the common mode obtained for all the 
experiments. On figure 5 (a and b) are plotted the wavenumber versus the frequency for the sample of 2 mm 
thickness and of 5 mm thickness respectively. 
Fig. 3. Experimental result for a 2 mm epoxy plate with a conversion of 80% (a) and 93% (b). 
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Fig. 4. Experimental result for a 5 mm epoxy plate with a conversion of 80% (a) and 93% (b). 
 
The curves confirm the clear differentiation between the two cross-linking state. On figure 6, are plotted the 
frequency versus the wave number but this time for the sample of 5 mm for the S2 and the A4 modes. Finally, we 
remark that the more the thickness is large, the more the differentiation between the conversions needs to be in the 
higher modes (Fig 6). The discrimination is optimal for an ad-hoc frequency-thickness product. 
Fig. 5. Conversion's discrimination of the S2 mode for the samples of 2 mm thickness (a) and 5 mm thickness (b). 
 
Fig. 6. Conversion's discrimination for the samples of 5 mm thickness for the S2 mode (a) and A4 mode (b). 
4. Conclusion 
The aim of this paper was to link acoustic behaviors and the conversion of epoxy networks. Networks with 
different thickness and cross-linking level have been studied. The acoustic parameters of the epoxy are determined 
by the measurement of the shear and longitudinal velocities. The theoretical dispersion curves show that Lamb 
modes of high number exhibit different sensitivities as function of the conversion. Advantage was taken from this 
property to achieve the experimental study. The experimental and the predicted results are in a good agreement. 
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The next step is to extend this study to an aluminum substrate coated with epoxy films having different level of 
cure. 
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